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ABSTRACT

"A procedure for selectively derivatizing two adjacent

(-1.4 jim apart) microelectrode (-50 gm long x 2.5 .Lrn wide x

-0.1 pm thick)mith RuO and the redox polymer derived from

hydrolysis of N,N'-bis[p-(trimethoxysilyl)benzyl]-4,4'-
bipyridinium dichloride, (BPQ2)n, to yield a physical

RUOx/(BPQ?+)n junction is reported. Such a junction

functions as a pH-dependent diode by virtue of the redox

oreoerties of the materials employed. A diode-like

current-voltage curve obtains, because charge transport

across the RuOx/(BPQ2+)n junction is effectively

unidirectional: the oxidized RuO&x can oxidize the reduced

viologen, but the reduced RuOr-cannot reduce the oxidizedx

viologen. The pH dependence arises from the fact that RuOx

has pH-dependent electrochemistry, E0 ' varies -71 mV/pH unit

from -+0.42 V vs. SCE at pH = 2 to -0.0 V vs. SCE at pH = 8,

while (BPQ2 +)n is a conventional redox polymer with a redox

potential (E0 ' =-0.5 V vs. SCE) independent of pH. These

data are in accord with the pH dependence of the current-

voltage curve for the RuOx/(BPQ 2 +)n-based diode. The

magnitude of the diode current at forward bias is determined

to be limitied by the charge transport properties of the

(BPQ2 +)n. The current passed through the RuOx/(BPQ 2 +)n

junction at a fixed applied potential can be modulated

repetitively by changing the pH of a flowing stream between

pH 4.5 and 8.5.
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ABSTRACT

A procedure for selectively derivatizing two adjacent

(~" .4 m apart) micrelectrodes (-50 gm long x 2.5 pm wide x
-0.1 m thick) with RuO x and the redox polymer derived from

hydrolysis of N,N'-bis(p-(trimethoxysilyl)benzyl]-4,4'-

.ipyridinium dichloride, (BPQ2 +)n, to yield a physical

R2Ox/(BPC2 )n junction is reported. Such a junction

functions as a r-dependent diode by virtue of the redox

Frtoerties cf the materials employed. A diode-like

current-vcl-age curve obtains, because charge transport

across the RU,/(BpQ2+ )n junction is effectively

unidirectional: t-he oxidized RuO x can oxidize the reduced

viologen, but the reduced RuOx cannot reduce the oxidized

viologen. The pH dependence arises from the fact that RuO x

has pH-dependent electrochemistry, E0 varies -71 mV/pH unit

from -+0.42 V vs. SCE at pH = 2 to -0.0 V vs. SCE at pH = 8,

while (BPQ2 +)n is a conventional redox polymer with a redox

potential (E0 ' =-0.5 V vs. SCE) independent of pH. These

data are in accord with the pH dependence of the current-

voltage curve for the RuOx/(BPQ 2 +)n-based diode. The

magnitude of the diode current at forward bias is determined

to be limitied by the charge transport properties of the

(BPQ2 +)n. The current passed through the RuOx/(BPQ 2 +)n

junction at a fixed applied potential can be modulated

repetitively by changing the pH of a flowing stream between

pH 4.5 and R. .



3

We wish to report preparation, characterization, and pH

response of a microelectrochemical diode based on the

selective fun. inaization of closely spaced (-1.4 pIm) Au

or Pt mcroeleztrodes (each -2.5 pLm wide, 0.1 4m thick, and

-50 pim long) with Ru:.. and a viologen polymer as illustrated

in Scheme i. in Scheme I RuO. is an electro-active,

electrodeposited ! oxide e:hibiting a pH-dependent redox

potential,2 and (BpQ2+)n is a redox active polymer derived

from hydrolysis of I havino a redox potential

(MeO)Si jCH2NO -N CH2 _ S(OMe)h ] CI2

independent of pH. 3

Electrochemical systems of the type shown in Scheme I

have previously been shown to behave as diodes in the sense

that steady-state current passes in only one direction upon

application of a potential across the two electrodes, 4 and a

preliminary account of our work on the RuOx/(BPQ 2+)n redox

systems has recently appeared.5 The underlying principles

of rectification and redox conduction taking place in such

diodes were first demonstrated on sandwich structures of the

type metal/redox polymer i/redox polymer 2/metal by Murray

and co-workers. 6 Meyer and his co-workers first published a

sandwich bilayer assembly on one electrode having one pH-

dependent component, 7 and work from this laboratory has
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demonstrated a (BPQ2 +)n/quinone bilayer on one electrode

where the quinone is pH-dependent.8 The system in Scheme I

represents the first complete pH-dependent

microelectrochemical diode.

Heterouncticns with rectifying behavior in the dry,

solid-state have also been made between conducting polymers

such as reduced (n-type) and oxidized (p-type)

pclyacetylene, 9 polyacetylene and polypyrrole,10 polypyrrole

and p .y iahenei an! plypyrrole and polyaniline.12

However, in contrast to redox polymer junctions in

electrolytes, the electrical properties of these dry

conducting polymer heterojunctions are explained in terms

similar to those for a classical n-p Si diode. 1 3

In general, a microelectrochemical device with a

diode-like current-voltage characteristic can be made when

(1) the only current path between one electrode to the other

is via the redox materials connecting them and (2) the

formal potentials, E0 , of the two redox materials differ

sufficiently such that the redox reaction at the junction of

the two redox materials occurs at a fast rate in one

direction (downhill) and a slow rate in the other (uphill).

Equation (1) and Scheme !I summarize the

(BPQ+)n + RuIVo . ±4 (BPQ + RU (1)n- (p2) n + RIIx(I

thermodynamically favired redox process occurring in the

case of our RuOx/(BPQL )n-based diode. Taking E0 ' (1) to be
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1 / (BPQ + ) RuOx 2

S(BPQ

+

V appi

Scheme II. Schematic representation of the redox reaction occurring at the

viologen/ruthenium oxide interface when charge is passed between electrode 1

and 2. This is the RuOx/(BpQ 2 +)n interface redox chemistry under forward bias,

Scheme I.



:he f:rma' rctentia. of RuO.. and E0' (2) the formal poten-ia

:f (s'2 )_ the difference, E0 ' ()-E 0 (2), represents the

:urn-on or thrsh' potential, VT, for the

icroe 1ec hemicai diode. The essential point is that the

.- rceec-trcchemical device drawn in cheme I is assembled

by bringing a pH dependent redox material, RuO x , in

c:nneozizn witn a redox material, (BPQ2 +/+)n, which has a

oi-independen: recx potential. The RuO x shows a 70 mV/ce

ive .... :- I ,as LH- is lowered,2 independent of the

electrolyte. The result is a microelectrochemical diode

with a pH-denendent value of VT such that VT is smaller at

higher pH.



Experimental

7heri2*2~a-. 2 (Alfa) was used as received and
s::reu on a o:<rcIle atnosphere chamber unde: N2.

-,N'-,bisp_(-rine-h xysilyl)benzyl]-4,4,-bipyridinium

r I, was synthesized by refluxing a mixture _f

c: yrioine (Aldrich) and p-( :imethoxysilyl)benzylchloride

5 -esearch Z., : c.) in CH-ICN following a

roccedure in t'e o:-eracure.3

-~ E e- .Al elec-rochemical exerie--

wr carre cu usin] a Pine Model RDE4 bipotentiostat anJ

recorded on a Kipc & onen SD91 x-y-y' recorder. Where

ne-essary pccenias were controlled relative to an aqueous

saturated calomel electrode (SCE) . Electrochemical

measurements were performed under Ar or N2 at 25 °C.

.-"icrectrdes. The Pt or Au microelectrode arrays used in

t-ese experiments have been described previously1 4 and

consist of eiaht, individually addressable, parallel

microelectrodes -50 im long, -2.5 gm wide, and 0.1 pim high

with a spacing between the microelectrodes of 1.4 gm.

Insu ation of the leads to the microelectrodes and

encapsulation was afforded by either a manually applied

layer of clear epoxy (Hydrosol Division, Dexter Corporation)

or a thin Si3N4 film, 1.0 gm thick, deposited by Plasma

Enhanced Chemical Vapor Deposition, PECVD, and etch-back to

the microelectrodes through a mask with a CF 4 plasma etch.

The packaged microelectrode arrays were typically

cleaned by a negative potential !xcursion in 0.1 M K2 HPO 4 to



ev-_ve H C s:e arrays the gap between microelectrodes

was :.arrCwen frm '. im to -0.3 im by electrodeposition cf

osr ? roo. -an aquecus 0.1 M K2 HP0 4 solution containing L

mM K2 ctC or 2 mM K2 PdCi 4 , respectively. For some of the

gerraio'=~in experiments shadow deposited

microelectrode arrays were used with interelectrode spacing

erivatizaoion f Microelectrodes. RuO x was deposited from

o 1 :esmr; oreosd aeJ aexygenaced 5 mM K2RuO 4 /1 M NaC.:

s~oooio-i. ,2 .he deep orange K2 RuO 4 solution undergoes slow

......... sltocn an/or reduction yielding the formation of a

dark green or black amorphous precipitate. 1 6 A two-

comzartment cell was used with the counter electrode

separated from the working and reference electrode.

Selective deposition of RuO x on one microelectrode was

achieved by cycling the electrode potential between -0.2 anC

-0.8 V vs. SCE at 100 mV/s while holding the potential cf

ad3acent microelectrodes at +0.2 V vs. SCE. 2

Following the RuO x deposition, (BPQ2 + / + n can be

deposited selectively on an adjacent microelectrode by

scanning the electrode potential between 0.0 and -0.75 V vs.

SCE at 50 mV/s in an aqueous solution of 0.5 mM o. I and 0.2

M KC1/0.! M K2HP0 4 while holding the adjacent

microelectrode at 0.0 V vs. SCE. 3 , 4 Deposition was allowed

to continue until the desired coverage, -2 x 108 mol/cm 2 ,

was achieved. Coverage was determined from the integration

of the cyclic volt nretry wave for the (BPQ2 +/+)n



-nterconversion at a sweep rate slow enough (<50 mV/s) to

fully access all redcx active molecules.

'Vari ai E:-::erIme n t. A flowing stream set-up,

constructed by joining two chromatography columns filled

w- i . buffer sclutins cf the desired pH, was used to

reproducibly give pHi variations in the electrolyte stream

across one micrcelecorcohenical assembly. The buffer

soutions used were 1.0 M LilC or NaCl/0.05 M HS0 4 ,

acezaue , Tris n u :sr':e :r the appropriate pH and ':ere

deoxyaenated crior to use.



Results and Discussion

a. Cyclic Voltammetry and pH Dependence of E0 '. The

r~"d - doositi-'n of RuO x is based on the

literature prccedure I and can be accomplished on either Au

or Pt microelectrodes.2 The pH dependent cyclic voltammetry

cf RuOx is depicted in Figure 1. In buffered solutions the

wave is broad and has been attributed to the RuIV/RuIII

ccuple. 1 At more positive potentials, the oxidation process

verlacs H2 _ an C1 oxidation giving 02 and Cl 2 evolutin,

respectiveiv. Prionged cycling to the potential of 02

evolution results in gradual film dissolution. At

potentials significantly negative of the RuIV/III wave, the

RuO x film shows no faradaic activity, but H2 evolution

occurs. H2 evolution does not affect the RuIV/III cyclic

voltammogram.2

The redox potential, E0 , for the RuIv/III redox couple

at a specific pH is taken to be the average position of

cathodic and anodic current peaks of a cyclic voltammogram.

The data obtained for a series of cyclic voltammograms taken

in buffered solutions of pH 2.2 to 9.5 are plotted in Figure

2. For comparison the redox potentials for the (BPQ2 +/+)n

redox polymer couple at different pH's using the same

buffers has been included. We find that the redox potential

of RuO x shifts more positive by -70 mV/pH as the pH is

decreased. This type of non-Nernstian pH dependence has

also been reported in the voltammetry of other hydrous metal

oxides. 1 7 , 1 8 Our earlier work has established that the pH
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dependence of th-e RuO x is insensitive to a wide range cf

electrclytes. The redox potential of the (BPQ2 +/+) redox

c er t_ ne other hand, remains constant (also

independent of electrolyte) 3 at about -0.5 V vs. SCE as the

pH of the sclution is changed between 2.2 and 8.5. The

(BPQ2 +)n system also shows reduction to (BPQ0)n, but the

evolution cf H2 obscures the cyclic voltammetry wave,

especially a- .w pH. Moreover, the (BPQOn state is much

less s a.er the (BpQ2n or (BPQ+)n states. 3

b. Generation/Collection Experiments and Relative Charge

Transport Properties of RuOx and (BPQ2 +)n. Figure 3

illustrates typical data relating to steady-state charge

transport properties of RuO x in aqueous electrolyte media.

The data shown relate to an array of eight Pt

microelectrodes all coated with RuO x such that the RuOx

connects the individually addressable microelectrodes. The

microelectrodes used are -0.1 pam apart, to give larger

steady-state currents. The actual experiment 1 9 - 2 1 is

analogous to a rotating ring disk electrode experiment
2 2

with a collection efficiency of unity, since the charge

carriers are immobilized. There is a steady-state current

between so-called generator and collector microelectrodes

when the generator electrodes are moved to a potential where

RuOx is oxidized, 0.4 V vs. SCE, while the collector

electrodes are held at a potential where RuOx is reduced,

-0.4 V vs. SCE. Under such conditions, the largest possible

concentration gradient of reduced and oxidized RuOx exists,
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gi-ving the max4muM current which can pass through the

material. For the data in Figure 3 every other electrode of

an eiht-electrcde array uniformly coated with RuO x is used

as a generator and the other microelectrodes are collectors.

The use of this interdigitated arrangement increases the

magnitude of the generator/collector current.

The fact that the generation/collection response for

RUO -based microelectrodes is the same for all scan rates

shwn, indicates that oxidation and reduction of the RuJ x is

rapid on the timescale of the cyclic voltammetry. The rapid

oxidation and reduction, of course, is related to the charge

transport/ion diffusion in the RuO x . The steady-state

diffusion coefficient for charge transport, Dct, in RuOx is

proportional to the steady state generation/collection

currents in Figure 3. From cyclic voltammetry it can be

determined that about 200 nC of charge are involved in the

interconversion represented by equation (2). However,

RuIIIOx - ne- - RuIVOx (2)

unlike conventional redox polymers it is impossible to give

a value for Dct for RuOx, because the concentration of redox

centers is not known. The important point is that the

magnitude of the maximum generation/collection current is

large in comparison to that for the (BPQ2 +/+)n system

measured in the same way (vide infra).

Data for generation/collection experiments for a



(EpQ2+)n-coated microelectrode array are presented in Figure

4. The maxi.-um steady-state current passes between

generator an- __ -
_.... microelectrodes when the generator

elecnrode pc:encial is more negative than approximately

-C.75 V vs. SCE, where (BPQ+)n is reduced, while the

collector electrode potential is held at 0.0 V vs. SCE,

w.ere (BpQ2)n is fully oxidized. These data correspond to

an array cca:ed with (BPQ2 +)n to the extent that -200 nC of

chac are in ved in te interconversion represented by

equation (3). in czmparison to the data for RuOx-coated

(BpQ2 +)n + ne- (BPQ+)n (3)

microelectrodes, Figure 3, the rate of charge transport

through (BpQ2+)n is slower as shown by the smaller steady

state currents. Slower charge/discharge of the viologen is

also found since there is a scan rate dependent

generation/collection response. Even at slow scan rates, -4

mV/s, some of the generated reduced species, (BPQ+)n, are

also collected by the generator on its return sweep. Thus,

the expectation is that the overall current which can pass

through a RuOx/(BPQ 2 +)n junction will be limited by the rate

of charge transport through the (BPQ2 +)n polymer, assuming

the interfacial charge transport rate, equation (1) and

Scheme II, is not limiting.

In characterizing the (BPQ2 +)n-coated microelectrodes

moving the generator more negative than --0.8 V vs SCE, the



(BPQC). state, becomes important, and larger

aenerator/colle tion currents are observed. The larger

currents are e:Pected Cased on the superior charge transport

properties c" the (BQ+/O)n couple compared to the

(BPQ 2 +1+)n couple. 3 Figure 5 shows data giving the relative

conductivity of the (BPQ2+/+)n and (BPQ+/0 )n states. In the

exoeriment summarized in Figure 5 the relative conductivity

is given by the magnitude of the current, ID, passing

_ e.ween tw' orIvmer-cz... ted microelectrodes having a small

potential between them, I:-, as a function of the

electrochemical potential of the polymer, VG. Scheme III

illustrates the electrochemical system used. Such a system

has been referred to as a microelectrochemical transistor

and has been used to characterize other redox polymers.20

The ID-VG plot in Figure 5 is in accord with the earlier

measurements cf the relative conductivity of (BPQ2 +/+)n a

(BPQ+/0)n coated onto macroscopic electrodes.
3 b

c. Characteristics of RuOx/(BPQ 2 +)n-based Diodes. Cyclic

voltammetry characterization of the modified electrodes of a

completed two-terminal microelectrochemical device is shown

in Figure 6. Importan-lv, electrode 1 shows response only

to the (BPQ2 +/+)n but- electrochemical response to RuO x.

Electrode 2 at the sa-e 'ime shows response to RuO x but no

response to (BpQ2+/ :- -n electrode 1. The data in Figure 6

thus establish the desired structure, but the data shown do

not establish that there is a connection between electrode 1

and 2 by a RuOx/(BPQ2""'n contact.



VG Counterelectrode
Bipotentiostat eeec

(BPQ 2+)n

VD- ID

Scheme II. Microelectrochemical system to measure the relative conductivity of
(BpQ2+)n redox polymer as a function of electrochemical potential, VG.
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Data that prove electrode 1 and 2 to be connected by a

UX/(BpQ2+!) n contact are summarized in Figure 7. In

essence, these Jata relate to generation/collection

experiments like those for RuO x or (BPQ2 +)n, Figures 3 and

4, respectively, but in Figure 7 the materials on the

generator and collector are different. On the left-hand

side of this Figure currents at electrode 1 and 2 are shown,

as electrode 2 is held at a potential at which the ratio of

a.a . is about one (E2  +0.2 V vs. SCE in pH 

buffer) and electrode 1 is scanned from 0.0 V to -0.8 V vs.

SCE. Thus, when the (BPQ2 +)n on electrode 1 is reduced to

(BPQ+)n a current path between electrode 1 and 2 is possible

according to equation (1) . On the right-hand side of the

figure the experiment is carried out such that electrode I

is fixed at -0.6 V vs. SCE where the reduced state, (BPQ+)n,

is significant and electrode 2 is scanned from -0.4 to +0.5

V vs. SCE. Again the currents observed at electrode 1 and 2

are consistent with the redox reaction, equation (1),

occurring at the RUOx/(BpQ2+/+)n interface. The key point

is that current between electrode 1 and 2 passes only when

the viologen-based polymer is reduced and RuO x is oxidized.

These data prove the connection and show that rectification

is expected in a two-terminal device. The relatively low

signal to noise in Figure 7 compared to Figures 3 and 4 is

due to the facts that only two m.croelectrodes are used and

the spacing between them is -1.5 pim, not the -0.1 gm used

for experiments summarized by Figures 3 and 4.
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The steaay-state two terminal current-voltage

characteristic of a RUOx/(BpQ2 +/+)n-based

icrce'ec:rochemical device as a function of pH is recorded

in Figure 8. These data illustrate that the device can

actually pass mr.e steady-state current upon application of

potential in one direction than in the other. Current will

pass only if the negative lead is connected to electrode 1,

reducing the viologen-based polymer to its (BPQ+ )n state,

and the Lcsitiv- lead is connected to electrode 2, oxidizin

Ru:<:,. The electrical cycle is completed through oxidation

of BEI+ byRIvoTdpnso
of (BPQ)n by RuOx, Scheme II. The value of VT depends on

the redox potential difference between the (BPQ2 + / + )n and

RuO x . Since the redox potential of RuOx increases as the pH

decreases, as depicted in Figure 1 and Figure 2, VT of the

microelectrochemical diode increases as pH decreases. The

inset in Figure 8 is a magnification of the current-voltage

characteristic in the region of VT. The shifts in VT upon

variation of pH correspond roughly to the shifts of E0 ' for

RuOx in Figure 2. For example, for pH 5.5 the difference

between the redox potentials of RuOx and (BPQ2 + / )n is about

650 mV which is reasonably close to the diode turn-on

potential of about 600 mv.

The pH dependent junction between RuOx and (BPQ2 +/+) n

can, in principle, be used as a pH sensor, because the

current at a fixed applied potential depends on pH in the

region of VT. In Figure 9, current, i, passed through the

diode junction held at a constant forward bias of 0.8 V is



shown as a function of time and pH. As the pH of the

surroundinQ electrolyte solution is varied between pH 8.5

anc Pn 4.5 'he current passed through the diode junction

rises and fails. The magnitude and direction of current

change is consistent with the data presented in Figure 8,

which predicts that a diode at 0.8 V forward bias passes

nsre curren: at a larger pH than at a smaller pH. The

auallative characteristics, VT and the pH dependence of VT,

:f the Ru_)_ ( P -based diode are in essential accord

with expectation.

The magnitude of the current that passes upon forward

bias should be discussed. Assuming the redox chemistry --

the RuOx/(BPQ 2 +)n and redox material/electrode interfaces to

be fast, the maximum current is governed by the charge

transport properties of the redox materials. Since the

(BPQ2 +/+)n is the poorer conductor, the current should be

limited by this material, not the RuOx . However, the

current found should show a plateau at sufficiently forward

bias, and obviously such is not observed, Figure 8. The

lack of a plateau signals a role for the (BPQ+ / 0 )n state as

the forward bias is increased and this diode characteristic

is consistent with the higher conductivity of the (BPQ+1 0 )n

state compared to the (BPQ2 +/)n state, Figure 5. There is

an inflection in the current-voltage curve, Figure 8, at a

potential consistent with the lower conductivity of the

(BPQ2 +/+)n state. Even so, the diode current upon forward

bias should plateau at sufficiently large bias. However,
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the aqueous electrolyte limits the bias to no greater than

.2 V, owing to the decomposition potential of H2 0 of 1.23

V. Indeed, even reverse bias approaching 1.2 V shows steady

current corresponding to onset of the electrolysis of H20.

We have made the assumption that charge transport

across the RuOx/(BQ +) interface is not rate determining,

in rationalizi.-. the diode current in Figure 8. This

assumption has been verified by preparing the diode shown in

Scheme V. The key resut invcves comparison of the diode

current with and withou.:t the hardwire connection between the

inner two microelectrdes. With the hzrdwire connection

charge transport across the RuIVOx/(BPQ+)n interface is not

the only mechanism for charge transport. The direct contact

of each material with the electrode insures an effective

path for current flow in the diode. This scheme of contacts

is the same as that used by Murray and co-workers to

characterize redox bilayers. 6 We find the same current-

voltage properties for the diode with and without the

hardwire connection. These reults show that the charge

transport rate across the RuIVOx/(BPQ+)n interface does not

limit the diode curren-.



(BPQ 2 n

Si3N 4

+ Vappi

Scheme IV. RuOx/(BpQ 2 +)n microelectrochemical diode. Top: without

hardwire connection; Bottom: with hardwire connection between the redox

materials.
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Conclusion

A procedure has been developed to selec-.ively

iwtze c: adjacent microalectrodes with two different

redox materials such that current between the two

4 crce'ectrodes can only pass when the redox reaction at the

RUjx/(BPQ2 /T)n interface is thermodynamically downhill.

Since the recox potential of RuO x is a function of pH, the

curren --%o!:aae character4stic of the (BPQ+) /

i:nction of pH. In principle, the

chemicallv sensitive diode may be useful as a two-terminal

electrochemical sensor, because the value of VT depends on

p;4 in a manner consistent with the pH dependence of the

redox c:ential cf the RuC'. Our results show the viability

of rational desian and preparation of chemically sensitve

microeiectrcchemica! systems based on charge transport

properties, thermodynamics, and electrode modification

procedures.
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FIGURE CAPTIONS

Figure 1. Cyclic volcammetry, 100 mV/s, of a

RuO..-derivatized microelectrode in pH 3.5, 5.5, 7.5, and 8.5

aqueous solution; the buffers used were 1.0 M LiCl/0.05 M

acetate (pH 3.5 and 5.5) and 1.0 M LiCl/0.05 M Tris buffer

(pH 7.5 and 8.5).

Figure 2. Red>x _cctentiais, E0 ', for the RuOx and the

(BPQ2+/+) n redo:-: couple as a function of pH. The redox

potentials were determined from cyclic voltammetry in 1.0 M

NaCl or LiCl electrolyte (0.05 M buffer) in H2 0 solvent.

Figure 3. Generation/collection cyclic voltammetry of an

interdigitated array of close-gap (-0.1 gm) microelectrodes

modified with RuO.. in pH 7.5 phosphate buffer as a function

of scan rate. The potential of the collector electrodes is

held at -0.4 V vs. SCE.

Figure 4. Generation/collection cyclic voltammetry of an

interdigitated array of close-gap (-0.1 Jim) microelectrodes

modified with (BPQ2 +)n in 3.0 M NaCl electrolyte as a

function of scan rate. The potential of the collector

electrodes is held at 0.0 V vs. SCE.

Figure 5. ID vs. VG for a an array of eight (BPQ2+ )n-coated

microelectrodes.



2-7

Figure 6. Cyclic voltammetry of electrode 1 and 2

deriva:ized with (mpQ2 +!+) and RuOx as drawn in Scheme I.

Note that electrode 1 shows the wave at -0.5 V vs. SCE

characteristic of the (BPQ2 +/+)n redox couple but no RuO x

electrochemistry, while electrode 2 exhibits only a wave

characteristic of RuO x.

Figure 7. Data establishing that charge can pass through

the (BPQ2 +i),'/RuO.. interface. On the left hand side

currents observed at electrode 1 and 2 are presented as

elpctrode 2 is held at +0.2 V vs. SCE while electrode 1 is

cycled from 0.0 to -0.8 V vs. SCE. The fact that there is

current at electrode 2 is consistent with charge transfer

through the (BPQ2 +/+)n/RuOx interface. On the right hand

side of the figure, current is monitored as electrode 1 is

held at -0.6 V vs. SCE and the potential of electrode 2 is

cycled from -0.4 to +0.5 V vs. SCE. Again, the observed

current is consistent with charge transfer between electrode

1 and 2.

Figure 8. Two-terminal, steady-state current-voltage

characteristic of the system drawn in Scheme I. The

current-voltage curve shifts to more positive turn-on

potentials as pH is decreased. The region of turn-on is

expanded in the inset. The shift in turn-on potential with

respect to pH change correlates well with the expected
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70 mV/pH shift for the RuO x redox couple.

Figure 9. Current respcnse of a RuOx/(BPQ 2 +/+)n diode

junction over time as the electrolyte pH is changed between

oH R.5 and pH '.5. The diode is held at 0.8 V forward bias.
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